IMPORTANCE Anti-vascular endothelial growth factor treatment is the first-line therapy in the treatment of center-involving diabetic macular edema. Data on capillary perfusion changes under repeated treatment in a possibly compromised vascular network are limited.
I n the past decade, several clinical studies have demonstrated the effectiveness of intravitreally injected antivascular endothelial growth factor (VEGF) in the treatment of visual impairment related to center-involving diabetic macula edema (DME). [1] [2] [3] [4] [5] [6] Though elevated levels of VEGF are associated with ocular neovascular disease and DME, a physiological level of intraocular VEGF is essential for the integrity of microcirculation and contributes to neuroprotection in ischemic conditions. 7, 8 Therefore it is logical that blocking VEGF might be detrimental to vascular integrity and retinal function, especially in patients with preexisting microangiopathy. In fact, case reports published in the last decade attribute a negative effect on retinal perfusion to a single injection of bevacizumab. 9-12 As a precaution, some clinical trials evaluating the effect of anti-VEGF agents for the treatment of DME have excluded patients with signs of pronounced macular ischemia.
2,13
On the other hand, repeated anti-VEGF treatment was previously shown to prevent diabetic retinopathy progression or even lead to regression of the Early Treatment Diabetic Retinopathy Study (ETDRS) severity score, as was reflected in the ETDRS trial (which used severity grading based on color fundus photography). 3, 14, 15 Still, detailed evaluation of macular perfusion parameters in fluorescein angiography (FA) images have rarely been part of multicenter trials. Therefore, the purpose of this post hoc subevaluation was to investigate angiographic changes in macular perfusion in patients with DME during the course of treatment with repeated intravitreal ranibizumab injections.
Methods

Study Design
Details about core and extension studies of the 12-month RESTORE core trial have been reported previously. 1, 6 In brief, the RESTORE core study was a phase 3 multicenter trial that enrolled 345 diabetic patients who were experiencing visual impairment as a result of center-involving DME. The RESTORE study adhered to the tenets of the Declaration of Helsinki and was registered at clinicaltrials.gov (NCT00687804). All analyses presented in this article were approved by the institutional review board of Medical University Vienna. All study patients gave written informed consent prior to study inclusion.
Patients were randomized to 3 treatment arms: intravitreal ranibizumab, 0.5 mg, monotherapy with sham laser treatment; intravitreal ranibizumab, 0.5 mg, combined with macular laser therapy; or laser therapy with sham ranibizumab monotherapy. (Sham treatments were designed to mask clinicians and participants to the treatment arms to which patients were assigned.) After a loading dose of 3 monthly ranibizumab injections or baseline laser therapy, patients were treated following prespecified retreatment criteria. Patients were seen monthly for best-corrected visual acuity (BCVA) testing and time-domain optical coherence tomography (Stratus OCT; Carl Zeiss Meditec) for central retinal thickness measurements.
After 12 months, 240 patients were enrolled in the 2-year open-label RESTORE extension study, during which all patients were eligible for intravitreal ranibizumab, 0.5 mg, treatment and laser therapy based on the same retreatment criteria used during the core study, regardless of their prior treatment assignment. All analyses of the FA subevaluation were performed on this subset, which comprised 83 persons who had previously been assigned to ranibizumab monotherapy, 83 persons who had been in a ranibizumab plus laser treatment arm, and 74 persons who had been treated with laser only. Of these 240, 208 patients (86.7%) completed the extension study. Throughout the study period (36 months), investigators were masked to the treatment group to which their patients had been primarily assigned.
Fluorescein Angiography
Fluorescein angiography was performed at baseline and every 6 months thereafter throughout the study period, and FA images were centrally evaluated by a reading center (Vienna Reading Center [VRC] ) that was masked to patient treatment arms. Images with a minimum resolution of 1024 × 1024 pixels were captured by various FA camera systems after device and operator certification by the VRC and were graded using custom VRC software. The comparability of measurements was ensured by image calibration with VRC test eye procedures.
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Image acquisition was performed in accordance with a predefined imaging protocol, which required at least 8 images of the study eye in the first minute after dye injection from early arterial filling was begun. Further images were taken after 1, 2, 5, and 10 minutes.
All FA images were anonymized, uploaded digitally to the VRC, and automatically checked for image integrity. Image grading was performed following a predefined reading protocol, which was based on the grading protocol previously used for the ETDRS diabetic retinopathy FA images.
17 First, a grid was manually centered on the fovea of an early phase 30°F2 image. The same grid position was maintained in follow-up angiograms by a standardized VRC procedure. The following parameters of macular ischemia were graded in early-phase images: size and outline regularity of the foveal avascular zone (FAZ) and capillary dropout within the central and the 4 inner ETDRS subfields. Fluorescein angiographic perfusion parameters were graded in strict adherence to the ETDRS FA grading protocol, which involved comparing clinical findings to ETDRS standard photo-
Key Points
Question Do repeated ranibizumab injections worsen macular perfusion in a compromised capillary network, compared with laser monotherapy and combination ranibizumab and laser therapy?
Findings This post hoc analysis of clinical trial data of biannual fluorescence angiography images of 240 patients and found that capillary dropout and foveal avascular zone regularity did not worsen significantly in eyes treated with ranibizumab injections compared to those treated with laser or combination therapy.
Meaning Repeated ranibizumab injections were not associated with impaired macular perfusion.
graphs. The viability of these grading variables were tested for intergrader and intragrader reproducibility by the ETDRS group, which resulted in an agreement (within 1 step of the grading protocol) of 89%, 74%, and 95% for FAZ size, FAZ outline, and capillary loss, respectively. 17 The area of FAZ was calculated automatically after a reader manually outlined the innermost capillaries around the fovea (eFigure 1 in the Supplement). The FAZ outline was graded on a 5-step grading scale based on the ETDRS FA grading protocol (grade 0: outline of the FAZ is normal; grade 1: outline is questionable; grade 2: outline is clearly destroyed for up to half the original circumference; grade 3: outline is destroyed for half of the original circumference or more, but some remnants remain; grade 4: capillary outline is completely destroyed). Capillary dropout was graded in each of the central and 4 inner ETDRS subfields and classified on a 5-step grading scale that referred to specified subfields of ETDRS standard photographs (grade 0: dropout is absent; grade 1: dropout is questionable; grade 2: dropout is mild but clearly present; grade 3: dropout is moderate; grade 4: dropout is severe; grade 5: dropout is complete). 17 The maximum grade in any of the 5 ETDRS subfields was used to represent the eye. The inner 4 ETDRS subfields were chosen because capillaries within approximately 1000 μm of the center of the macula are usually easily recognizable in good-quality angiograms, but those located further away are frequently unrecognizable.
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Images were sent to, collected at, and graded electronically at the VRC from July 2009 to March 2012. Dependent on the grader expertise, they were forwarded to and regraded by an experienced supervisor, in accordance with VRC quality control procedures used to affirm intergrader reproducibility. Additional quality control procedures included regular meetings for case discussions plus the forwarding of a randomly selected 10% of all FA images to the supervisor for review.
Statistical Analysis
Data analysis was done starting in July 2014 and continued through December 2017. All analyses were performed on data from patients for whom the treatment group assignment from the RESTORE core study was known at the time of analysis. Correlations were calculated using Pearson and Spearman correlation coefficients. Analysis between baseline treatment groups and subgroups were performed using mixed model repeated measures analysis and repeated measures logistic regression. Within-treatment analysis was performed using Wilcoxon signed rank tests and McNemar tests, depending on the type of variable (continuous or categorical) and on whether the data was normal or non-normal. Descriptive statistics and frequencies were also calculated. Investigation of baseline characteristics in analysis models were halted if differences did not satisfy the standard 2-tailed significance level of P < .05.
Results
For the RESTORE extension subgroup (n = 240), mean (SD) patient age was 62.6 (8.8) years; 142 members of the subset (59.2%) were male and 227 (94.6%) were white. Baseline demographics by treatment group are outlined in eTable 1 in the Supplement. Patient demographics and graded baseline perfusion variables (FAZ area, FAZ outline, and capillary dropout within the central and inner ETDRS subfields) were comparable between the 3 treatment groups of the RESTORE core study (eTable 1 in the Supplement).
In the course of 3 years, 1731 FA visits were uploaded and graded by the VRC for the following features: area of FAZ, outline of the FAZ, and capillary loss. A total of 3072 features were gradable. The rest of the features was not gradable because images from a given patient encounter were poor in quality, image positioning was incorrect, or insufficient images for grading were provided (ie, only early-phase or only late-phase images were available, or there was a lack of images necessary for the calibration of measurements). Table 1 and Table 2 provide details on the number of gradable features.
Area of the FAZ
At baseline, the mean (SD) area of FAZ was similar in all 3 treatment arms, with measurements of 0.261 (0.232) mm 2 in ra- Figure 1 ). Enlargement of the FAZ size within 36 months of both arms treated with ranibizumab from baseline (ranibizumab monotherapy and ranibizumab and macular laser combination therapy, pooled) was not correlated with changes in BCVA. None of the baseline characteristics (sex, age, hemoglobin A 1c level, DME duration, diabetes duration, and history of hypertension) had any effect on the change of FAZ area or FAZ outline from baseline to month 36 in any treatment arm in a mixed model repeated measures analysis. As a result, they were removed from the final model.
Outline of the FAZ
At baseline, the FAZ outline was normal in 19 of 240 patients (7.9%). In 103 of 240 patients (42.9%), the FAZ outline was clearly altered or destroyed (grades 2-4) (eTable 1 in the Supplement and Table 2 ). The remaining 118 patients (49.2%) had grade 1, or questionable, FAZ outlines.
After 12 months and 24 months of open-label treatment, no treatment arm experienced changes in FAZ outline regularity compared with baseline measurements. The regularity of FAZ outlines did not differ between the treatment arms at any point (eTable 2 in the Supplement). 
Capillary Loss
Definitive capillary loss (grades 3-5) was present in 65 of 240 patients (27.1%) at baseline and was equally distributed between the 3 treatment arms (eTable 1 in the Supplement; Table 2 ). Within the first year of the RESTORE study, there was no difference evident between the ranibizumab monotherapy and laser treatment monotherapy groups. Despite some worsening across treatment groups, there was no strong evidence of worsening to moderate or severe capillary loss at any point during the study (eTable 3 in the Supplement). At the end of study, severe capillary loss (grades 3-5) was present in 26 of the 83 patients in the ranibizumab monotherapy group (36%), 20 of the 83 patients in the combination therapy group (28%), and 13 of the 74 patients in the laser monotherapy group (21%). However, there was no evidence to suggest a difference between the 3 baseline treatment arms at any point ( Figure 2) . In all treatment arms, capillary dropout in the central subfield was most frequently graded moderate or severe; in total, this was observed in 351 visits for FA imaging overall, with 148 such observations in the ranibizumab monotherapy group, 124 in the combination therapy group, and 79 in the laser monotherapy group. Capillary dropout was least frequently seen in the inner inferior ETDRS subfield; in total, this was observed 38 times across all study patients and all FA imaging visits, including 17 observations in the ranibizumab monotherapy group, 14 in the combination therapy group, and 7 in the laser monotherapy group. There was no correlation found between change in BCVA score and capillary loss in the central subfield (eFigure 2intheSupplement). e Number signifies the number of fluorescein angiography images with at least 1 gradable feature.
f Number signifies the number of total gradable features across all fluorescein angiography images.
g P values refer to differences between treatment groups from mixed-model repeated-measures analysis with treatment, baseline, time, and the interactions between time and treatment and time and baseline as factors. P values were calculated at month 12 and month 36 of the 36-month trial. Values are presented redundantly per pairwise comparison.
Discussion
The effectiveness of ranibizumab treatment in DME has been repeatedly demonstrated through reductions in central retinal thickness and improvements in BCVA. However, with the exception of optical coherence tomography analysis, only a few multicenter clinical trials have performed FA at regular intervals, even though diabetic retinopathy is known for its microangiopathic pathogenesis. 18, 19 The multicenter RESTORE core and extension study is therefore distinct; the VRC graded qualitative as well as quantitative macular perfusion parameters in FA images of enrolled diabetic patients. Studies examining short-term macular perfusion after anti-VEGF injections provide contradicting results, ranging from severe ischemia after a single injection to a good response to repeated anti-VEGF injections in diabetic eyes with severe central capillary loss.
9,20,21 Campochiaro et al 19 assessed the area of retinal nonperfusion within a radius of 6 mm from the fovea in a large cohort from A Study of Ranibizumab Injection in Subjects With Clinically Significant Macular Edema With Center Involvement Secondary to Diabetes Mellitus (or RISE and RIDE) trials and followed up with these participants for more than 3 years. This study group assessed the portion of fundus devoid of retinal arterioles or capillaries in the measure of disc areas. More than 90% of study patients in the RISE and RIDE trials had no signs or minimal signs of retinal nonperfusion at baseline. In that analysis, there was evidence that retinal nonperfusion worsened in the laser therapy group compared to patients treated with ranibizumab, 0.5 mg, as early as 3 months after initial treatment. 19 Twelve months after the study implemented a treatment crossover to offer ranibizumab, 0.5 mg, to all patients who had been assigned to other arms, the difference diminished. In the RESTORE core study, around 70% of patients were graded with mild or no capillary dropout at baseline based on the ETDRS grading scale, which is comparable with the results of Campochiaro et al. 19 In general, capillary loss is known to be a risk factor for diabetic retinopathy progression. 22 Although overall capillary dropout worsened in all treatment arms of the RESTORE study, patients with moderate or severe capillary loss did not worsen significantly within the 3-year study period. There was no evidence of a difference between the groups after the first end point (month 12). This evidence Treatment arms refer to primary assigned treatment in the RESTORE core study. 1, 6 (21) 19 (24) 12 (16) Severe 7 (9) 4 (5) 2 (3)
Completely destroyed 3 (4) 1 (1) 0 Cannot grade 1 (1) 1 (1) 1 (1) Abbreviation: ETDRS, Early Treatment Diabetic Retinopathy Study.
a In around one-quarter of all images, the foveal avascular zone outline regularity could not be graded because of reduced image quality or because early-phase images were not available. Capillary loss was graded based on summary grading in which the central and the inner 4 ETDRS subfields were reviewed and the final grade was assigned based on the most severe capillary loss. seems to suggest that ranibizumab treatment does not increase the risk of further malperfusion. Though moderate or severe capillary loss was graded within a radius of 1.5 mm from the center of the fovea in only some of the patients in this study, more subtle changes (such as definite irregularities in the FAZ outline) were present in 44% of the patients at baseline. Obviously, the regularity of FAZ outline seems to be a sensitive marker of macular malperfusion. This is because nonperfused capillaries create sharp-angled bays that create the irregular appearance of the FAZ.
Association of Changes in Macular Perfusion
17 Consequently, the maximum FAZ diameter is also a commonly used parameter for macular ischemia.
23,24
Nonetheless, there were no changes evident in FAZ regularity that depend on DME treatment. Neither parafoveal capillary dropout nor FAZ irregularities seemed to effect the BCVA score or central retinal thickness. Hence, visual acuity testing retains an independent diagnostic importance that cannot be replaced by retinal imaging alone.
A strength of our evaluation is that 3 different macula perfusion parameters were analyzed by a reading center masked to patient treatment. Perfusion parameters of the FAZ as well as ischemic dropout of the capillaries in the inner ETDRS subfields were analyzed according to a strict and standardized protocol.
Limitations
A limitation of our analysis is that grading of the perfusion status was not the primary statistical outcome of the RESTORE study. Nonetheless, all perfusion parameters evaluated were defined by the reading center beforehand. Additionally, though capillary changes within the central millimeter might not be representative for the perfusion status of the entire retina, capillary dropout close to the fovea might be responsible for loss in BCVA score (at least in theory). In addition, analysis and P values are to be interpreted in a descriptive fashion as there has been no adjustment for multiplicity.
Finally, contradictory results exist on the clinical significance of FAZ size. In our cohort, the mean size of FAZ area at baseline was smaller than described previously in diabetic patients, 18, 23, 25 which could be associated with the different evaluation procedures used in these different studies. Moreover, we did not find a correlation between FAZ size and BCVA score or central retinal thickness. However, it is known that FAZ size can vary considerably even among healthy patients and that the regularity of FAZ outline might be a better indicator for microangiopathy.
Conclusions
In the future, optical coherence tomography angiography might provide a more detailed insight to capillary perfusion within a larger field of view than early phase FA images can provide.
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Thus a more detailed evaluation of the retinal vascular plexus will become feasible. Moreover, optical coherence tomography angiography allows a clear differentiation between the superficial and deep retinal capillary plexus, 27 further expanding clinical and research opportunities.
Pending those future studies, we submit these conclusions. The RESTORE study found that repeated intravitreal ranibizumab injections did not aggravate the central capillary perfusion status in patients with clinically significant macular edema. Furthermore, macular malperfusion parameters based on the complex ETDRS FA grading progressed equally in all treatment arms within the first year. Two years after openlabel treatment, capillary perfusion parameters in patients with initially moderate or severe capillary loss did not deteriorate under ranibizumab treatment. Based on these findings, ranibizumab treatment in patients with signs of macular malperfusion does not increase the risk of further macular ischemia associated with vision loss.
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